Introduction (a) Offshore wind energy
The potential for offshore energy production in Europe is enormous. Industry projection from the European Wind Energy Association (EWEA, www.ewea.org) is for an increase from 5 GW in 2012 to 150 GW in 2030, and achieving that potential is an important objective of the European Communities. In 2008, the executive body of the European Union issued a communication detailing the Roadmap for Maritime Spatial Planning [1] . This roadmap was intended to balance the requirements of various sectorial interests using marine resources, and offshore energy (particularly wind) was anticipated to make very significant increases in the near to medium term.
However, in order to support this growth it is vital to make significant reductions in the cost of energy (CoE) of offshore wind, as was discussed at the most CoE = (CoT + CoI + CoM) PP .
(1.1)
The manual inspection of wind turbines (inconveniently placed on high towers in remote places) involves a certain amount of travel time as equipment and personnel are moved between them; higher MW turbines help to reduce this cost relative to the power output of the wind farm. However, economies of up-scaling for the operation of an offshore, multi-MW wind farm can be challenged as the consequence of a single turbine downtime is more significant, and all personnel operation offshore is more expensive. Therefore, cost reduction by using remote monitoring becomes increasingly attractive as a means to suppress unexpected downtime, and focus limited maintenance and repair operations.
(b) Multi-physics global model
Some research groups are working on a multi-physics global model [4] [5] [6] [7] [8] , as represented by the scheme in figure 1 . A multi-physics global model is defined as a fluid-structural interaction model that aims to capture and integrate several phenomena: meteorology, aerodynamics, hydrodynamics, aero-elasticity, structural vibration, energy output, control, etc. (For example, the integrated response of the tower pillar to the aerodynamic load on the blades and waves on the foundations.) However, this approach will not be achieved until all physical phenomena are sufficiently well understood. Wind turbines are a multi-physics problem, and the complexity of the structure and loading, and the variability and turbulence of the wind create challenges for the application of such a method. At this time, significant research effort is being made in order to fully research the most complex phenomena at each of the scales presented in figure 1 . Obviously, it is not possible to predict the aerodynamical load history on a wind turbine rotor blade in detail for a 20-year period of time. There are two approaches to address this. One is to make lifetime predictions based on statistics. Another approach, as will be pursued here, involves the use of sensors to detect the conditions of the blades to obtain an updated lifetime prediction.
(c) Wind turbine rotor blade structures
A wind turbine rotor blade structure is defined in terms of its outer geometry and inner structural layout. It can be made from different materials and will be subjected to varying loads from wind and varying direction of gravity due to the rotation of the rotor. A typical turbine blade design is based on a load-carrying laminate in a rectangular hollow beam (spar). In another common blade design, there is no spar; instead there is a combination of a load-carrying laminate incorporated in the aero shell together with two shear webs [9] . The beam spar and the sandwich face sheets of the aero shell are made from fibre reinforced polymer composite materials (figure 2); the sandwich cores are made from polymeric foam or balsa wood and the blade is assembled with adhesives between the aero shells at the leading edge, between the spar and the aero shell and between the aero shells at the trailing edge. At the structural scale, a wind turbine rotor blade can develop various types of damage, such as cracks along adhesive joints (e.g. leading and trailing edges as well as internal bondlines at beam/laminate assemblies). Laminates can fail by cracks parallel to the fibre direction (e.g. splitting cracks and transverse cracks), fibre failure in tension (distributed damage) or compression (localized damage) and by delamination (cracking along the plane between plies). Of these, delamination of laminates and adhesive bonded joints are usually the most critical [9, 10] . advantages of fibre reinforced polymer composites is that the alignment of the fibres can be arranged to suit the required properties of the intended structure. Thus, the requirement for a stiff (but lightweight) structure means fibre orientations primarily along the length of the blade and an inherently anisotropic set of material characteristics. A key feature of structures designed using composite material is that the manufacturing process itself will determine certain characteristics of the material, and hence the behaviour of the final structure. All this is to say that when looking to optimize the properties of a wind turbine blade, it is necessary to consider material choice, design approach and the manufacturing process as an integrated issue.
For example, a common processing procedure is to stack layers of the dry reinforcement fibres before infusing with a thermosetting resin to create the finished composite material. This results in a laminated structure with significant stiffening mainly along the length direction of the blade. But the effect on out-of-plane properties and the weak interfaces between layers of the composite material needs to be understood at the material level, if the final structure is to be sound and resistant to any out-of-plane loading.
(e) Structural design philosophies
The design philosophy for fibre reinforced polymer structures was initially based on conservative analysis methods with large safety factors, underestimating the actual material properties and considering primarily the linear elastic material behaviour. As knowledge about materials and structures increased, it has now become possible to safely adopt more advanced design philosophies. This general trend to more advanced structural design is described elsewhere [11] . In wind turbine blade design, it is important to take into account different nonlinear effects as described in [12] . Failure of a wind turbine blade has small to minor consequence as the risk for human lives is small, especially offshore since persons are not close to the wind turbines. The optimal target reliability level can therefore be determined by cost-benefit analysis, where all the cost during the wind turbines design life is taken into account [13] . Partial safety factors can be calibrated to obtain the desired target reliability level for the structure [14] . And the uncertainties for the material properties for composite materials can be modelled [15] . Probabilistic design methods give a prediction for the risk of failure in average, but give, in principle, no information for the condition and risk of failure for a particular blade. However, this information is available within a structural design philosophy based on damage monitoring.
The approach is to use damage tolerant materials and a structural health and prognostic management system as part of a condition-based maintenance programme. It is an axiom of structural health monitoring (SHM) [16] that detectable changes in response must occur between undamaged and damaged states, thus implying damage tolerance. Damage tolerance (see §3b for details) is a property emerging from the particular combination of structure design, loading environment and material characteristics. Accepting that a distribution of damage types and locations can exist within the blades of an operating offshore wind farm, it follows that each wind turbine blade structure must be characterized individually with a unique 'damage map' for that structure. Evaluating the severity of the particular combination of damage types requires models that describe the progression parameters for each type under the full range of operating conditions. Only in this way can condition-based maintenance be effectively implemented.
Vision
Our vision consists of a damage tolerance approach that can be made using conditional inspections and models that describe progression for all known failure types [17, 18] . The future design philosophy will be based on an SHM approach where sensors integrated during manufacture provide feedback that is used to optimize the entire life cycle. And this again requires an advance in materials knowledge to implement effectively. an application of the deeper material level (microscopic level) understanding of damage propagation. So in much the same way as structural load and stiffness requirements are already 'tailored' at the material level, optimization of the material properties can be used to match design objectives related to damage tolerance and reliability for the final structure. All this needs to be achieved in a framework of condition-based maintenance, remote monitoring and prognosis, as presented in figure 3 .
It is important to appreciate that in comparison with aerospace structures, wind turbine rotor blades are unique in the sense that they are made of very large parts, using relative 'lowcost' composite materials and manufacturing methods. Requiring very strict quality control and allowing only parts with small manufacturing defect size may lead to a high rate of discarded blade parts. Obviously, this would lead to a higher blade price. An alternative approach, proposed here, is to allow more blades with manufacturing defects to be used in service by ensuring that the defects lead to stable damage, i.e. avoiding unstable blade failure.
For a given wind turbine design, the damage evolution will depend on structural details and materials properties that cannot be accurately controlled during manufacturing. Furthermore, each blade on a wind turbine in an offshore wind farm will experience its own, unique combination of load history. Consequently, blades will not undergo identical damage evolution. One blade may undergo a loading history that leads to more damage in one area, while another blade, having a different set of manufacturing defects and experiencing another load history, may develop damage in other areas of the blade.
The key features in the proposed condition-based maintenance approach can be summarized as follows. First, in the design phase, the designer will choose materials and structural layout that give a high damage tolerance. The designer also will decide on the type of sensors for damage detection and determines (from structural analysis) which areas are the most critical and where the sensor should be placed.
Next, in the manufacturing phase, sensors will be placed inside the rotor blade, either as sensors embedded in laminates and/or adhesive bond lines or mounted inside the blade after manufacturing. Sensor surveillance can cover transportation, installation and in-service operation, and be part of the post-manufacturing control by contributing to non-destructive inspection (NDI) procedures.
For the few blades that will develop serious damage, sensor alarms will be sent from the offshore wind turbine to the on-shore surveillance centre, which can then send out a maintenance team to inspect the blade at the position where the damage is detected. The team will use non-destructive techniques such as ultrasound scanning, radiography (X-ray), etc., to identify the damage type, its size and depth. This information will be used in detailed structural models (e.g. finite-element models) of the blade with the characterized damage to assess the residual fatigue life and residual strength, using information about fracture data (stress-strain, traction-separation, fatigue data) of the materials and the anticipated future load history. then be possible to assess the criticality of the damage and decide whether the blade can be used under normal operation, or whether the aero-loads should be reduced, or the blade repaired on site, or taken down (replaced with a new blade or repaired on shore).
Such an approach will allow the service life of blades to be decided by their damage state. There is thus potential for life extension beyond the original planned service life (typically now 20 years) for healthy blades that do not possess significant damage.
A condition-based approach also has the advantage that it is not critical to be able to calculate the aero-loads with high accuracy on all individual rotor blades in an offshore wind turbine park, since the damage evolution can be assessed on the basis of the sensor signal. The proposed approach, figure 4, consists of condition monitoring to detect damage, NDI methods to characterize the damage, and damage and fracture mechanical modelling to predict future damage evolution [19] [20] [21] , creating the science-based knowledge required to make a decision about what to do.
The proposed new approach has some similarities with the 'retirement for cause' approach used in military aircrafts, where the lifetime of gas turbine engines is determined on the basis of the detection of flaws of a certain detectable size rather than being retired prematurely by the traditional predetermined life approach [22] . In the following section of the paper, the material properties contributing to structural damage tolerance are presented. These properties are the 'levers' that future designs will consciously use when engineering reliability from the material level to the structural level. The expanded design and manufacture process showed in figure 3 will include consideration of the approach for maintenance and repair that is to be adopted for the entire group of structures, and the integrated sensorization necessary to achieve remote characterization of the material and structural condition. Finally, the vision is presented of offshore wind farms designed using smart structure technology made possible by this deeper understanding of material behaviour.
Increasing reliability of offshore wind turbine blades by damage tolerance (a) The concepts of distributed and localized damage
The loads on each material point within a rotor blade structure can be characterized mechanically by considering a small volume of the material. On the materials level, the load is characterized 
The relationship (a) between stress, σ , and strain, , is used to characterize deformation of undamaged material (linear stress-strain response) and material with distributed damage (nonlinear stress-strain response), while the relationship (b) between stress (traction), σ n , and separation, δ n , is appropriate for describing localized damage (fracture). Away from the localized damage, the material is unloaded along the dotted part of the stress-strain curve (a).
in terms of stress σ (defined as load per cross-sectional area), and deformation is characterized in terms of strain (elongation divided by original length). The stress-strain relationship (σ − ) of an undamaged material is in most cases linear (figure 5a). In a loaded wind turbine rotor blade, distributed damage (e.g. small cracks in the matrix and breakage of fibres in a composite material) can develop in some regions of the blade. The distributed damage may be characterized by the crack area per volume or the number of broken fibres per volume. Damage induces nonlinearity in the stress-strain relationship. Therefore, nonlinear stress-strain laws must be used to describe the mechanical response of materials experiencing distributed damage (figure 5a). Distributed damage may over time lead to localized damage. During localization, the material undergoes weakening in a so-called fracture process zone, so that its ability to transfer stress decreases, with increasing local deformation δ (separation). It is then appropriate to describe the material behaviour in terms of a traction-separation law (σ n − δ n ) (figure 5b). With increasing separation (corresponding to more localized damage), the traction that the fracture process zone can transmit decreases. When the end-opening of the fracture process zone δ * n exceeds a critical value δ 0 n , the traction vanishes completely so that a crack surface forms. The traction-separation law is taken to be a material property, being the same law along the entire fracture process zone. The area under the traction-separation curve is the work of the traction, i.e. the fracture resistance.
Owing to the difference in stress levels for different parts of the blade and uneven distribution of the manufacturing defects, the damage state may vary from part to part between undamaged material, distributed damage and localized damage. Depending on the conditions, the localized damage may either exhibit stable or unstable crack growth. The damage state can be described by a 'damage map' in terms of the location, damage type and size, as well as a parameter indicating how close the damage state is to the critical condition (unstable crack growth).
Offshore wind turbine rotor blades will be subjected to high extreme wind loads (heavy storms) and lower, varying loads from wind changes and rotor rotation. Cyclic loads may induce fatigue damage evolution, i.e. stable crack growth occurring as a very small increase in the crack length during each load cycle. The crack can then become so long that it leads to unstable, fast 
unstable crack growth can be analysed as crack growth under constant load (the maximum value of the cyclic load). The stability of crack growth will be the focus of the remainder of the section.
(b) Damage tolerant materials and structures
In the following, we will discuss how materials properties and structural design can be used to achieve enhanced damage tolerance, being the ability to sustain damage without unstable catastrophic failure. In particular, we wish to argue a design philosophy where materials and the structural design are chosen so that each structural detail can be designed to possess a high damage tolerance.
For distributed damage, damage tolerant behaviour is obtained as follows. For undamaged composite materials, the stress-strain behaviour is linear. Damage induces nonlinear stress-strain behaviour-the material decreases in stiffness with increasing damage. An undamaged material loaded beyond the linear-elastic limit σ p will start to develop damage and thus exhibit nonlinear stress-strain behaviour up to the failure stressσ n (strength). Damage tolerance requires that the materials strength should be significantly higher than its linear-elastic limit and that the damage can be detected by sensors. It then becomes possible to detect whether the material has been overloaded and to repair or replace the structure while the material still retains a strength above its design stress.
Material design can create composite laminates having nonlinear stress-strain behaviour even though most fibre types used in composite materials are linear elastic. A nonlinear stress-strain behaviour can be obtained by the use of laminates with multiple fibre orientations (enabling some layers to crack at lower strains, denoted 'first-ply-failure') or by the use of fibres having different failure strain (hybrid composites).
Localized fracture, such as delamination, can be analysed by fracture mechanics, e.g. by the use of traction-separation laws. With respect to the propagation of a crack, damage tolerance implies that the crack growth should be stable, requiring that the load level for unstable crack growth should be significantly higher than the load level that initiates crack growth. Classic fracture mechanics considers an energy balance between the energy supplied (or released) by the structure and the energy absorbed by the fracture processes at the crack tip. Crack growth will not occur when the energy released by the structure per unit crack advancements is less the energy consumed by the crack tip fracture processes per unit crack advancement.
The energy released per unit cracked area depends on the magnitude of the applied load, the elastic properties and the shape of the structure. If the fracture resistance is constant, the crack growth can be stable (i.e. causing cracking to stop, denoted crack arrest) or unstable depending on how the energy released depends on the load and geometry, i.e. structure properties. The structure should be designed so that it can take the additional load when a crack has formed and the local region carries less load (figure 5b).
It is possible, however, to increase the amount of stable crack growth by designing interfaces that possess increasing fracture resistance with increasing crack extension. Rising fracture resistance, denoted R-curve behaviour, implies that the energy absorbed per unit area of the fracture process zone increases with the crack extension. Typically, the crack growth resistance increases from an initial value to a steady-state value. It follows that the stability of crack growth now depends on the load, geometry (including the initial crack length), and the fracture resistance of the material. Often in composites, delamination is accompanied by the formation of a crack bridging zone, where intact fibres connect the crack faces behind the crack tip. This can lead to a large-scale crack bridging zone, resulting in R-curve behaviour [23] . The bridging law, i.e. the normal traction σ n as a function of the normal opening δ n , σ n (δ n ), plays a central role in the stability of crack growth, since the R-curve behaviour is related to the traction-separation law. Two conditions for stable crack growth, expressed in terms of the bridging law parameters, are
In (3.1), J ext is the energy released per unit cracked area, J 0 is the energy at which cracking initiates, σ n and δ n are traction and separation (figure 5b), δ * n is the separation at the end of the crack and a is the crack length.
To obtain stable cracking during an increasing load, these two equations should be fulfilled at all times. The cracking will be unstable when the right-hand side inequality is violated. Equation (3.1) makes it possible to think intelligently about the damage tolerance of almost any large-scale bridging cracking problem in a structural part of a wind turbine rotor blade. The left-hand sides of both equations include all the structural parameters (loads and structural geometry), whereas the right-hand sides depend only on the fracture properties. Thus, the initial structure design can be specified to achieve a minimum damage tolerance level throughout the blade. Once the load and geometry of the blades have been fixed, options to modify local stiffening, manufacturing specifications or material options allow an assessment of which traction-separation law (the right-hand side) gives the highest damage tolerance/longest stable crack extension. In this way, these relations are very helpful for both the structural designer and the material scientist.
(i) Optimizing materials damage tolerance with traction-separation laws
Micromechanical models of crack bridging show that the bridging traction depends on microscale parameters such as the fibre stiffness, the fibre diameter and the fibre/matrix debond energy [23, 24] . It is thus possible to change the traction-separation laws by changing the properties of microscale parameters (this is sometimes called 'microstructural optimization'). For instance, the surface of the fibres can be subjected to chemical or physical treatments before the processing of the composite material.
Crack bridging is only an effective toughening mechanism as long as fibres remain intact. If the fibre/matrix bond is too strong, the fibres break instead of peeling off and create crack bridging. Experimental work has shown that weakening the fibre/matrix interface can lead to more 'surviving' fibres, resulting in more fibre bridging [25] . By contrast, for layered structures, e.g. adhesive bonded joints, it has been shown that plasma treatment can increase the fracture resistance of the joint, causing the formation of a parallel crack within the laminate just outside the adhesive layer [26] . Yet another study has shown that simply changing the ply layup, the cracking mechanism changes from the propagation of a single crack to the development of two or three parallel cracks (with two or tree bridging zones), resulting in a doubling or tripling of the fracture resistance [27] . These examples show that materials design can change the damage tolerance of materials significantly.
These observations suggest that fracture mechanics properties of fibre/matrix interfaces as well as the fracture mechanics properties of interfaces between layers in laminates play a central role in the fracture resistance of laminates. Mastering the interface design is thus the key to optimize fracture resistance. There are many interfaces across the laminate at which delamination cracks can potentially propagate. It is challenging and difficult to design and control the fracture properties of all interfaces. However, the concept of cohesive laws enables us to propose an idea to design/tailor laminates so that cracks will propagate along high-energy absorbing interfaces. The idea is that the normal stresses 1 σ 22 are continuous and do not vary much across a thin layer, so that the normal tractions σ n is almost the same for two neighbouring interfaces ( figure 6 ). Therefore, we postulate that cracking will occur along the interface that possesses the lowest peak traction,σ n . Thus, it should be possible to design an interface such that it combines a low peak traction and a large work of the cohesive traction (e.g. by having a large critical opening; figure 6 ). Such an interface will then trap the cracking along a high energy-absorbing path and thus impart Figure 6 . Cracking of a laminate having thin plies may shift to the neighbour interface if it has a lowest peak traction value.
high damage tolerance. Only a few low-strength, high-toughness interfaces may be needed. The design of interfaces is then reduced to designing and controlling fewer interfaces.
(ii) Possible definition of a structural damage tolerance index It would be useful to have an index that would give a number for the safety margin of offshore wind turbine rotor blades.
A practical approach would be to consider various critical parts of the blade individually. Each structural part can then be modelled by numerical modelling, using typical defect or damage sizes (e.g. corresponding to the detection limit of NDI methods) and the relevant cohesive laws. Such progressive damage analysis should simulate the damage evolution from initiation to unstable growth. Onset of unstable damage growth gives a fracture load (that should exceed the expected service loads) and a change in the compliance of the structural part.
A damage tolerance index would enable the comparison of two designs made of the same material/interface or the same structural design made of two different materials and quantify which combination offers the most damage tolerant behaviour. Such an index D could for instance be a non-dimensional number with the characteristics that D = 0 indicates no damage tolerance (always unstable damage evolution or crack growth) while D → ∞ indicates that damage or crack growth is always stable. A damage tolerance index could be defined by the structural compliance at which the cracking becomes unstable, C c ,
where C 0 is the compliance of the undamaged structural part of the blade. The compliance of a structural part is defined as the deflection of the structural part per unit applied load. A change in compliance due to damage may not be seen for the whole structure but only locally. Furthermore, each structural part may contain one or more competing damage modes for which a damage tolerance index could be calculated.
Different damage modes are likely to have different damage tolerant index values. The structural designer should ensure that all damage types of all structural parts have sufficiently high D values, so that damage evolution can be detected by compliance changes. He can modify the structural design to raise the value of D of the damage mode that has the lowest D values, in order to ease the damage detection by compliance changes. In case the damage type and traction-separation laws are such that a sufficiently high compliance change cannot be obtained, 
Then, the damage tolerance of the entire rotor blade could be assessed in a way similar to the 'damage map' mentioned in the Introduction, by a set of damage tolerance indices. In should be assessed whether unstable damage evolution of a structural part would lead to failure of the entire blade. The damage tolerance of specific material selections and alternative structural designs could then be compared in the design phase.
Structural health monitoring
An SHM system's main purpose is to give information about the presence of damage in an accurate way, its location with a good resolution for possible repair/maintenance, the type of damage (that in a complex structure like a wind turbine can be very diverse), the severity of the damage and finally prognostic information about the remaining operating life [28] .
In fact, a great deal of sensor information is already available from offshore wind farms concerning the wind conditions, power output, temperatures, gearbox/drive-train vibrations and so on; but little or no sensor data specifically for the blades. As modern wind farms have a data handling and transfer framework already in place, an eventual monitoring suite for the blade condition can be designed to be a 'module' inside the already existing system. Furthermore, many of these other sources will provide valuable parametric data to the blade sensor outputs.
The current maturity level for state-of-the-art blade damage sensing is very broad, with a great deal of research at the material level on integration/embedding of promising sensors into the composites. This includes fibre-optic sensors using fibre Bragg gratings [29] or continuous optical fibre measurement [30] , electrically conducting sensors based on conductive polymers and carbon fibres [31] , acoustic emission methods using piezoelectric transducer materials for transmission and receiving of stress waves, spatial mapping of filamentmatrix interface defects-reflectometry. Closer to application there are various sensor system approaches (including strain gauges [32] , structural vibrations [33] and local stress wave [34] ) that have been demonstrated as suitable to monitor damage initiation and growth within blades during structural blade testing in commercial or research facilities where support (including hardware control and NDI) is available and the loading conditions are known. In operation, particularly for long-term remote monitoring, commercial systems exist that can detect ice formation and report changes in vibration response (Blade Control-Bosch Rexroth, http://tinyurl.com/nl48585) or return strain readings measured around the root section (WindMeter-Fibersensing, http://www.fibersensing.com/). Although not fulfilling the definition of SHM given above, these systems indicate that issues of robustness, reliability, price competitiveness and functional operation can be overcome. In order to implement the methodology described in §2 (Vision), a suite of sensor approaches must be available within the designer 'toolbox' that can be combined and specified to meet the damage tolerance criteria. The resolution for detection of specific types of damage is given by the damage propagation modelling (figure 3), which in turn calibrates the sensor distribution. However, it is clear that a significant maturation of applied blade sensor technology is required.
Monitoring methods are needed from the manufacture process stage to ensure a certain level of quality, controlled cure of matrix material during processing and improve certification, to produce composite parts in a repeatable and consistent manner with defects such as dry-spots, cracks, delamination and moisture held within acceptable tolerances.
(a) Traditional design and operation methodology
The traditional design and operation methodology as shown in figure 7 is no longer optimal for this type of requirements; in particular, as blades become larger and more expensive to manufacture, the need for information feedback to maximize their lifetime utilization increases. A post-manufacture quality assessment using advanced NDI technology can identify defects in the blade. In most cases, these are minor, 'surface effect' problems that can be corrected easily. In some cases, however, a major structural repair will be necessary that involves removing material and laying new laminate in place. This operation is best done immediately after production with all manufacturing resources available and results in repairs giving close to the maximum theoretically possible structural strength recovery. The quality of the cured repair should also be inspected before the finished blade leaves the production facility. Once in operation, wind turbine blade damage can only be detected by visual inspections (since no sensors are built-in), either by blade maintenance crews or possibly from examining high-definition images obtained from the ground (Aether visual inspection for blades-Braendler http://www.braendler.com/). Such focused blade inspections are most usually done near the end of product warranty periods. The repair of damage on-site is clearly more challenging than those done in a manufacturing facility. Again the majority of problems identified on operating blades are characterized as 'maintenance' and involve correcting hairline surface cracks or pitting/erosion at the leading (or trailing) edge of the blade. In these cases, the recovery of a good surface finish is the success criterion for the maintenance effort. But occasionally a major structural repair will be necessary where working conditions are far from optimal: low temperatures, wet conditions and challenging access issues. The quality of the work will depend heavily on the training level of the technicians, the quality of the materials used, the resources (tools, platforms, tenting, heating, etc.) and the time available to do the repair. Ensuring the effectiveness of repair is also difficult as afterwards the blade surface is again returned to a good finish.
(b) Smart structure design
In either a post-production repair or an in situ structural repair the feedback from embedded sensors can improve confidence in the quality and effectiveness of the work undertaken. Furthermore, such feedback will help 'single-out' blades that return exceptional sensor responses, thus providing an early warning of structural damage in operation, which currently relies on purely visual observations of surface cracking.
The presence of sensors will provide feedback at each stage of the structure life cycle. For example, the design and manufacture process will become iterative with data from embedded sensors helping to make subtle improvements to the infusion and cure processes as well as making blade manufacture reactive to external effects and thus minimizing product variability. In operation, data returned from the structure will allow an analysis of the structural performance and a concurrent engineering approach with modified designs for the latest versions of the structure. The main function of the embedded sensors during operation is early detection of changes in response that could indicate damage present in the material or at interfaces/bondlines. The damage tolerance and structural monitoring methodology described in this paper requires a 'damage map' for each structure with an assessment of the blade condition using local and global damage indices. This permits a damage management approach with tools for avoiding (or alleviating) the structural loadings (high wind conditions) that will propagate damage in a particular blade.
All offshore turbines require on-site maintenance, but with detailed structure-specific response history available it becomes possible to make a more efficient application of maintenance tailored to the need of each particular turbine. This is in contrast to the traditional methodology where generic manuals specify the amount of proactive maintenance required.
Normally, an expensive life assessment programme would be required in order to justify any decision to extend the service life of an entire group of structures. But with the approach shown in figure 8 , all the relevant data are already available and near the design end-of-life this database of structure-specific histories allows a more informed management decision regarding reinsurance/recommissioning or decommissioning, resale and/or recycle.
Discussion (a) The path towards condition monitoring-based approach
It is not realistic to jump from the conventional turbine to the proposed design and maintenance approach based on condition monitoring since at present not all tools required are fully demonstrated and mature. For sensors, for instance, a number of sensor types have been tested with satisfactory results in the laboratory or at prototype blade test. However, the durability over many years in a harsh offshore environment needs to be demonstrated. Concerning NDI methods, many of these have been successfully demonstrated in inspection of blades, both in the laboratory, full-scale prototype testing and in the field. Thus, these methods are demonstrated. Within progressively damage modelling, a lot of progress has been made over the past two decades. However, specific models of blade damage are not yet demonstrated. We think it is possible to bring in the tools for condition monitoring gradually, by applying them to dedicated problems, where information of damage evolution provide high value. For instance, testing sensors on wind turbine rotor blade during full-scale prototype testing is likely to be worth the cost, since more data on damage evolution during the test could lead to the detection of damage originating from a design weakness or poor manufacturing procedures, which could lead to the necessity of many blade repairs if the blade had gone into mass production. Likewise sensors should be used on blades where primary structural parts have been repaired, since the repaired area is likely to act as a site for damage initiation. Installation of a few sensors at a critical repair may thus provide very valuable information about the quality of repair, and may allow blades that would otherwise be discarded to be repaired and used.
The condition monitoring modelling approach in figure 4 requires developing the sciencebased knowledge available within sensor application (for detection), NDI (for characterization) and modelling (for prediction). A plausible order of steps of this gradual implementation of the proposed approach is given below. -demonstrate sensors during full-scale blade tests, -demonstrate sensors on repaired blades in operation, and -demonstrate sensors on new blades in operation.
Modelling approach (prediction of progressive damage evolution):
-characterization of blade materials in terms of traction-separation laws (mixed mode), -demonstration of predictability of static and cyclic crack growth on medium-sized specimens in the laboratory, -development of models for major structural failure modes in rotor blades, and -formulate guidelines for industrial use of model approach.
Based on the condition monitoring approach, a number of decisions can be made (figure 4), including the decision to repair a blade. If the blade is repaired, the repair techniques used should be documented scientifically and the repaired areas should be checked by NDI methods following the repair to document the quality of the repair. Steps to improve repair techniques are -optimization of repair techniques in the laboratory (maximize residual strength and fatigue life), -demonstration of repair methods on blade parts in the laboratory, -development and demonstration of NDI methods for quality control, and -formulation of guidelines for repair approach.
(b) Towards integration in the global model
Sensing and monitoring systems will undoubtedly continue to become cheaper, more robust and effective. This will increase the amount of monitoring systems in all the blade stages (manufacturing, testing, operation, maintenance, repair, etc.), leading to a better understanding and control of key parameters on the structure performance of the blade. For instance, dedicated sensors will regulate the manufacturing, improving the product quality and dedicated operation sensors will give information about the response of that structure, helping to identify exceptions and improving the limited inspection and maintenance functions.
Better structural models and improved multi-physics global integration will allow for damage management by automatically shutting down a turbine in local conditions likely to progress damage within that particular turbine, and will enable the modification of the operational limits for individual turbines based on their known damage condition. In other words, the ability of the smart turbine to analyse and adapt to environmental and structural conditions will lead to a more efficient operation of the wind turbine.
Summary
In this paper, we have outlined a future approach for the the design and maintenance of wind turbine rotor blades for offshore wind farms. This approach is based on the premise that it is not possible to manufacture large 'perfect' blades, and that large blades with manufacturing defects or damage are too costly to discard. Furthermore, since manual inspection is very costly for offshore wind turbines, we propose an approach that can handle blades with manufacturing defects, handling damage and in-service damage. The approach is based on the use of damage tolerant structural design and damage tolerant materials combined with built-in sensors that can detect damage evolution. The concept, which can be termed 'condition monitoring and maintenance', consists of detection of damages by sensors, characterization of damage (type and size) by NDI methods, model predictions of residual life, giving information that enables decision-making with respect to whether a damaged blade should be repaired or replaced. The majority of blades that do not develop significant damage will not require any manual inspection. Examples are given on how materials can be tailor-made to provide higher damage tolerance. The development of more damage tolerant structures and damage tolerant materials could provide the technological opportunity that enables very large wind turbine rotor blades, approaching 100 m in length, in the future. 
